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A B S T R A C T
Ground water arsenic contamination is a widespread problem in many developing countries including
Bangladesh and India. In recent years development of modern innovative technologies for the removal of
arsenic from aqueous system has become an interesting topic for research. In this present study, two rod
shaped Gram-positive bacteria are being reported, isolated from arsenic affected ground water of
Purbasthali block of Burdwan, West Bengal, India, which can tolerate arsenate concentration up to
4500 ppm and 550 ppm of arsenite concentration. From biochemical analysis and 16S rRNA sequencing,
they were identiﬁed as Bacillus sp. and Aneurinibacillus aneurinilyticus respectively. The isolates SW2 and
SW4 can remove 51.45% and 51.99% of arsenite and 53.29% and 50.37% of arsenate, respectively from
arsenic containing culture media. Both of the isolate can oxidize arsenite to less toxic arsenate. These two
arsenic resistant bacteria can be used as a novel pathway for the bioremediation of arsenic.
ã 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Arsenic is a toxic metalloid and it is present in the soil as
insoluble sulﬁdes and sulfosalts such as Arsenopyrite, Orpiment,
Realgar, Lollingite and Tennantite [1]. Although arsenic is naturally
present in the earth crust, arsenic contamination occurs mainly
due to various anthropogenic activities, like excessive use of
arsenic in pesticide, herbicide, wood preservatives and medicinal
product [2].
Arsenic mainly exists in the environment as arsine(III),
elemental arsenic(0), arsenite(III) and arsenate(V). Among all
these forms only arsenite and arsenate are more abundant in
natural environment than the other two [3]. Arsenate and arsenite
both are very toxic in nature, arsenite being more toxic than
arsenate. They can induce various types of cellular damage in
biological system [4]. There is structural analogy between arsenate
and inorganic phosphate. So it can be introduced into the cell
through the same system as phosphate is transported through the
cell membrane, disrupting those metabolic reactions which
require phosphorylation and inhibit the synthesis of adenosine
triphosphate [5]. When people are exposed to arsenic concentra-
tion above permissible limit i.e., 0.05 ppm [6], it causes various* Corresponding author. Fax: +91 342 2634200.
E-mail addresses: nkmenvbu@gmail.com, nababandana_jico@yahoo.co.in
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arsenic toxicity, are skin itching, skin cancer, weight loss, loss of
appetite, weakness, lethargy and easily fatigued limits the physical
activities and working capacities, chronic respiratory disorder,
gastrointestinal disorders like anorexia, nausea, pain in abdomen,
enlarged liver and spleen [7] and moderate to severe anemia was
also reported in a few cases.
As arsenic has high magnitude of solubility, its removal from
contaminated water is very difﬁcult [8]. There are various
conventional methods for the removal of arsenic from drinking
water like coagulation, membrane ﬁltration, reverse osmosis,
adsorption, ﬁltration, etc. [9]. In these conventional processes, the
oxidation step, required for the transformation of As(III) to As(V) is
gained either through the reaction with oxygen under normal
atmospheric condition which is very slow, or through chemical
oxidants like hydrogen peroxide, chlorine and ozone which is very
costly and also produces harmful by-products [10]. Microorgan-
isms can reduce the toxicity of the contaminants by using them in
their metabolic processes as energy sources [11]. Microorganisms
have developed different mechanisms like arsenite methylation,
arsenite oxidation, etc. to transform more toxic form of arsenic i.e.,
arsenite to less toxic form, arsenate [12]. A special type of enzyme
is present in the protoplasm of arsenic oxidizing bacteria, arsenic
oxidase. With the help of this enzyme, the bacteria oxidize arsenite
to arsenate [13].
Many arsenic resistant microbes were reported which can
withstand high concentration of arsenic, can be potentially usedC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ground water. Chowdhury et al. [14] isolated a novel strain,
Planococcus KRPC10YT from arsenic contaminated bore-well of
West Bengal, India which can tolerate up to 30 mM arsenate and
20 mM arsenite. In 2005, Shivaji et al. [15] found a novel arsenic-
resistant strain, Bacillus arsenicus from arsenic contaminated soils
in Chakdah district of West Bengal, India which was able to grow in
the presence of 20 mM arsenate and 0.5 mM arsenite.
But very limited works have been done toward bioremediation
of arsenic using the arsenic resistant bacteria. Purbasthali block of
Burdwan, West Bengal, India is severely affected with arsenic.
According to Roy et al. [16], the arsenic concentration in the tube
well water of this area is 0.076–0.205 ppm. But no research has
been conducted to isolate arsenic resistant bacteria from this
particular affected area and also to apply these bacteria in
bioremediation of arsenic contaminated ground water till date.
In this present study, two arsenic resistant bacteria are being
reported which were resistant to very high concentration of
arsenate and arsenite, from the arsenic contaminated water of
Purbasthali and are also able to reduce arsenic concentration from
contaminated water.
2. Materials and methods
2.1. Study area
Purbasthali block of Burdwan district, West Bengal, India was
chosen for the present study which was previously reported for
arsenic contamination [16]. The Study area is situated within
2329028.300N–233105400N latitude and 881704.300E–8821056.100E
longitude (Fig. 1).
2.2. Sampling
For the collection of water samples, twelve villages of
Purbasthali block, namely Kalyanpur (A1, A2, A3, 2330015.400NFig. 1. Study aand 881802.600E), Misbahpur (B, 2330015.200N and 8818017.700E),
Paschim Atpara (C, 2330024.900N and 8819033.600E), Purba Atpara
(D, 2330041.600N and 88200600E), Kamalnagar (E, 2331035.200N and
8821025.100E), Laxmipur (F, 2330039.300N and 8819026.400E), Natun
Laxmipur (G, 233108.900N and 8819026.300E), Dhamas (H,
2317038.400N and 874905.400E), Sinhari (I, 2317037.300N and
874705.800E), Tamaghata (J, 2331058.200N and 8820050.500E),
Majida (K, 2331059.500N and 8819030.1000E) and Rukuspur (L,
2331059.600N and 8819030.900E), were selected. Five samples were
collected from each sampling spot. Sterilized polythene bottles
were used for the collection of ground water samples from the
arsenic contaminated tube well and they were transported into
thermo boxes immediately after collection. The samples were
stored at 4 C after taking to the laboratory for subsequent analysis.
2.3. Physico-chemical analysis of water samples
Immediately after collection, pH, Electrical conductivity (EC)
and total dissolved solid (TDS) of water samples were measured in-
situ by using Multi-parameter (PC Test 35). Other parameters like
acidity, alkalinity, hardness, chloride, phosphate and iron were
measured by following standard methods of APHA [17]. Arsenic
content of the water samples was measured following SDDC
method [16].
2.4. Isolation and enumeration of arsenic-resistant bacteria
Groundwater samples were serially diluted up to 106 dilution
and inoculated following pour plate method into nutrient agar
media and incubated at 30 C  1 for 24 h. From all these water
samples twelve distinct colonies were selected based on the colony
morphology and they were tested for their arsenic resistant
potentiality by culturing in nutrient broth media amended with
100–5000 ppm of sodium arsenate and 100–1000 ppm of sodium
arsenite and the absorbance was measured at 650 nm at 24 h
interval.rea map.
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Morphological and physiological characterization of the
isolated bacterial colony was done following the standard
methods of Pelczar et al. [18]. Different biochemical properties
of the bacterial isolates such as enzyme activity (indole,
catalase, urease and oxidase), methyle red test, Voges–Proska-
uer test, nitrate reductibility, citrate, ability to produce
hydrogen sulphide, utilization of different carbon sources,
and utilization of gelatin, starch and lipid were tested by
following the standard methods [18]. To study the antibiotic
sensitivity of the isolated bacteria, different standard antibiotic
discs such as, oﬂoxacin, gentamicin, chloramphenicol, vanco-
mycin, nalidixic acid, rifampicin, ciproﬂoxacin, levoﬂoxacin and
ampicillin were used [19]. For scanning electron microscopy,
bacterial smear was prepared on a cover glass and heat ﬁxed
over a ﬂame for 1–2 s followed by ﬁxation of the smear by 2.5%
glutaraldehyde (aqueous) for 45 min. The slides were then
dehydrated passing through 50–90% of alcohol solutions and
ﬁnally through absolute alcohol for 5 min each. The bacteria on
the cover glass were gold coated and observed under a 15 kV
scanning electron microscope (HITACHI, S-530, SEM and ELKO
Engineering) for surface morphology study.
2.6. 16S rDNA sequencing of the bacterial isolates
From the pure culture pellet, genomic DNA was isolated using
Chromous Genomic DNA isolation kit. The 1.5 kb 16S-rDNA
fragment was ampliﬁed using high ﬁdelity PCR polymerase and the
PCR product was sequenced bi-directionally by Genetic Analyzer
(ABI 3130 Genetic Analyzer) using the forward and reverse primer
(Bacillus speciﬁc universal primer). The NCBI BLAST program was
used to analyze the sequence data of the isolates and these were
aligned using the “ClustalW Submission Form” (http://www.ebi.ac.
uk/clustalw/) and analyzed by ClustalW24. Evolutionary distances
between the sequences were calculated using the method of Jukes
and Cantor [20] and the phylogenetic tree was prepared following
the “neighbor joining” method [21].
2.7. Bioremediation test
Isolated bacteria were inoculated in the nutrient broth media
prepared in 100 ppm arsenate and arsenite solution and incubated
at 30 C  1. After 24 h, 48 h and 72 h of incubation the solution
were centrifuged at 10,000 rpm for 10 min to separate the bacterial
biomass from the media [22] and the arsenic concentration of the
media was measured following SDDC method [16].
2.8. Oxidation and reduction of arsenic by the isolates
The ability of the bacterial isolates to reduce and oxidize arsenic
(V) and(III) respectively was tested by using silver nitrate solution
[7]. Isolates were cultured in the agar plate (peptic digest of animal
tissue 5 g/l, beef extract 1.5 g/l, yeast extract 1.5 g/l and agar powder
15 g/l) containing either As(V) or As(III). After 72 h, small amount of
silver nitrate was added to the media. If the media turned brown, it
conﬁrms the presence of silver arsenate and if it turns yellow, the
presence of silver arsenite was conﬁrmed.
3. Results
3.1. Physicochemical properties of water
The physicochemical properties of all the water samples are
presented in Table Sup 1. All the ground water samples of the study
area were found to be alkaline in nature with average pH value of7.23. Electrical conductivity of the water samples range from
0.21 mS/cm to 0.65 mS/cm. Average hardness and chloride content
of the water were 76.11 ppm and 39.49 ppm, respectively. The
average phosphate content was 0.352 ppm. A few water samples
were above the permissible limit of iron i.e., 1 ppm [23]. The
arsenic concentration of three samples, namely, A1, A2 and A3
were recorded highest i.e., 0.119 ppm, 0.104 ppm and 0.117 ppm
respectively.
3.2. Arsenic resistance of the bacterial isolates
A total of twelve colonies were isolated from all the water
samples plated and they were cultured in nutrient broth media
amended with 100–5000 ppm arsenate and 100–1000 ppm arse-
nite solution. From the recorded optical density it was observed
that the growth of two isolates (SW2 and SW4) increased with
increasing arsenate concentration up to 3000 ppm and then slowly
decreased and ultimately stopped growing at 4500 ppm of
arsenate. The minimum inhibitory concentration (MIC) of these
two isolates was 4500 ppm for arsenate. But both the isolates
showed decreased growth pattern with increasing concentration
of arsenite, and ﬁnally stopped growing in 600 ppm arsenite
solution. These two isolates, namely SW2 and SW4, were chosen
for further characterization.
3.3. Phenotypic and biochemical characterization of the isolates
Both the isolates were white in color, have smooth surface, and
ﬂat colonies. The colony of isolate SW4 was round in shape while
SW2 had varied shape and size. SW4 colony was concentric with
transparent center and opaque periphery but SW2 colony was
opaque all over. Both the isolates were Gram-positive and rod
shaped (Fig. 2A and B). Different biochemical properties of the
two isolates are presented in Table 1. The two isolates were
positive for catalase enzyme production and were not able to
produce indole enzyme. Isolate SW2 showed positive result for
MR test, nitrate reductase test, oxidase test and negative result for
Voges–Proskauer test, citrate utilization, ureas test, H2S produc-
tion, gelatin hydrolysis and lipid hydrolysis. Although the isolates
did not require Na+ ions for growth, SW2 can tolerate sodium
chloride up to 10% whereas SW4 can tolerate sodium chloride up
to 8% but the optimum growth of the two isolates occurred in the
media containing 4–6% of sodium chloride. SW4 was positive for
gelatin and lipid hydrolysis but showed negative result for MR
test, Voges–Proskauer test, citrate utilization, ureas test and H2S
production. The isolate SW2 can utilize different carbon sources
like glucose, sucrose, arabinose, fructose, maltose, salicin,
inositol, mannose and aesculin but can’t utilize lactose and
manitol. SW4 can ferment glucose, sucrose, lactose, manitol,
arabinose, fructose and mannose but can’t grow in the medium
amended with maltose, salicin, inositol and aesculin. This
particular isolate can also produce gas by fermenting glucose,
sucrose, lactose, manitol and arabinose. Maximum growth of
isolate SW2 occurred in the media amended with sucrose,
fructose and salicin, and for SW4, maximum growth occurred in
the media amended with fructose, mannose and arabinose. Both
the isolates showed sensitivity to recommended doses of some
antibiotics like doxycyclin, oﬂoxacin, gentamicin, chlorampheni-
col, vancomycin, nalidixic acid, rifampicin, ciproﬂoxacin, levo-
ﬂoxacin and were resistant toward ampicillin.
3.4. Identiﬁcation of the isolates
Based on phenotypic, biochemical and phylogenetic analysis
(Fig. 3), the isolates SW2 and SW4 were identiﬁed as Bacillus sp.
KM02 and Aneurinibacillus aneurinilyticus strain BS-1 respectively.
Fig. 2. Scanning electron micrograph of (A) isolate SW2 (control), (B) isolate Sw2 treated with arsenite, (C) isolate SW4 (control) and (D) isolate SW4 treated with arsenite.
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The two isolates were resistant against high concentration of
both As(III) and As(V). They also exhibit the potentiality to reduce
arsenic concentration from nutrient broth media containing
100 ppm of arsenate and arsenite (Fig. 4). The non-signiﬁcant
removal was recorded between the two isolates SW2 (51.45%) and
Sw4 (51.99%) of arsenite. However, signiﬁcant removal of arsenate
between SW2 (53.29%) and SW4 (50.37%) was observed at 5% level
of signiﬁcance from the media after 72 h of incubation.Table 1
Biochemical properties of the isolates.
Parameters SW2 SW4
Catalase enzyme +ve +ve
Indole enzyme ve ve
MR test +ve ve
VP test ve ve
Citrate test ve ve
Salt tolerance Up to 10% Up to 8%
Nitrate reductase +ve ve
Oxidase test +ve ve
Urease test ve ve
H2S production ve ve
Glucose fermentation +ve +ve (gas)
Sucrose fermentation +ve +ve (gas)
Lactose fermentation ve +ve (gas)
Manitol fermentation ve +ve (gas)
Arabinose +ve +ve (gas)
Fructose +ve +ve
Maltose +ve ve
Salicin +ve ve
Inositol +ve ve
Mannose +ve +ve
Aesculin +ve ve
Gelatin hydrolysis ve +ve
Lipid hydrolysis ve +ve
Gram stain +ve +ve3.6. Oxidation and reduction of arsenic
After the addition of silver nitrate into 72 h old culture plate
containing arsenite, the media slowly turned brown (Fig. 5) which
conﬁrmed the presence of silver arsenate in the media. But when
silver nitrate was mixed with the culture containing arsenate, it
also turned brown conﬁrming the presence of silver arsenate.
Hence it is observed that none of the bacteria has the ability to
reduce arsenate to arsenite, but both of them can oxidize arsenite
to arsenate
4. Discussion
From the experimental data it can be observed that there are
wide variations in the level of all physicochemical properties of the
ground water samples studied including arsenic concentration. All
the water samples were neutral to alkaline in nature which is
suitable for bacterial growth [22]. High range of electrical
conductivity of all the water samples indicates the presence of
high amount of soluble electrolytes in the ground water [24]. All
the water samples can be classiﬁed as soft water as the value of
total hardness and chloride were far below the permissible limit
(300 ppm and 500 ppm, respectively) according to WHO [23].
Phosphate concentration of all the water samples was exceeding
the permissible limit of 0.1 ppm [25]. Arsenic concentration of
three of the water samples was above the permissible limit i.e.,
0.05 ppm for India and Bangladesh.
Growth of the two isolated strains increased with increasing
arsenic concentration. Such increasing growth pattern of bacteria
in presence of arsenate was also reported by Honschopp et al. [26].
When a microbial community stays under a selective stress
condition like high concentration of arsenic for a very long period,
they must develop some mechanism to detoxify it and overcome
the restriction for growth [27]. It is reported that sometimes
microbial community gain protection against toxic agents through
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Fig. 3. Phylogenetic tree of (A) isolate SW2 and (B) isolate SW4.
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that through the formation of bioﬁlms the isolated bacterial strains
can resist the toxicity of arsenic. The arsenic resistance mechanism
of bacteria can be plasmid associated [29], or by ars operon,
containing the genes arsRBC [30] when it can resist higher
concentrations. A carrier protein, arsB also helps in the extrusion of
arsenic from cell. The bacterium which possesses arsA gene also
coupled with arsB and signiﬁcantly increases the arsenic resistant
capacity of the bacteria [31]. In 2004, Anderson and Cook [32] have
isolated seventeen bacterial strains including Bacillus licheniformis,SW2 SW4
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Fig. 4. (A) Arsenite removal by isolates SW2 and SW4Bacillus polimyxa, etc. which were able to resist up to 100 ppm
arsenic. Incidence of an arsenic hyper tolerant bacterium from well
water which was able to tolerate up to 2000 ppm arsenate was also
reported by Zelibor [33]. Other bacteria from Bacillus groups
reported over time also showed the gene mediated arsenic
resistance potentiality [34–36]. In this study, as both the bacteria
were Bacillus, it can be speculated that they possess ars operon,
containing the genes arsRBC and the carrier protein also by which
they extrude the arsenate from the cell. By either oxidizing or
reducing the toxic heavy metals, bacteria sometimes gained energySW2 SW4
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, (B) arsenate removal by isolates SW2 and SW4.
Fig. 5. Arsenite oxidation (A) arsenite plate without bacteria, (B) arsenite plate inoculated with isolate SW2 and (C) arsenite plate inoculated with isolate SW4.
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more energy and their growth also enhanced [37,38]. These two
bacteria were arsenic oxidizing bacteria. The increased growth
pattern of the bacteria with increasing arsenite concentration
suggested that the bacteria get additional energy from the
oxidation process [39]. Once the bacteria converted the arsenite
to arsenate, they easily resist its effect as they are already resistant
to higher concentration of arsenate.
Both the isolates were Gram-positive in nature. The thicker cell
wall of the Gram-positive cells might resist the toxic arsenic to
enter inside the cell which may cause damage to the internal cell
organelles and DNA [40]. Although Na+ ions are not essential for
the growth of the two isolated bacteria, their growth was
optimized in the media containing 4–6% of sodium chloride.
Similar results were reported by Brettar et al. [41] and Pal et al. [42]
for Rheinheimera baltica and Bacillus ﬂexus, respectively.
The phylogenetic analysis of the isolate SW2 revealed that the
strain Bacillus sp. (KT462575) branched with Bacillus cereus strain
DC3 (GQ344805) and Bacillus sp. NIOT-3 (AM981260) with 76%
bootstrap value and 67% with Bacillus sp. KM02 (KJ948672). From
the phylogenetic analysis of isolate SW4, it can be observed that
the strain branched with Aneurinibacillus sp. AT8 (FJ821593),
Aneurinibacillus migulanus 2012BaDB21 (JX041916), Aneurinibacil-
lus migulanus A72 (GU3386), Aneurinibacillus migulanus NBRC
15520 (AB680889), Aneurinibacillus migulanus DSM 2895
(AB112723), Aneurinibacillus migulanus G1 (JQ337949), Aneurini-
bacillus migulanus ABRII1 (JN252029), Aneurinibacillus migulanus
BJ-44 (GQ280054), Aneurinibacillus migulanus U603 (DQ350838),
Bacillus migulanus (X94195) and Aneurinibacillus migulanus HCB4
(KF534472) with 100% bootstrap value. It also made branch with
Aneurinibacillus aneurinilyticus DM-TSB-1 (JX290554) and Aneur-
inibacillus aneurinilyticus RPS2 (HQ659710) with bootstrap value of
97%.
The isolate SW2 and SW4 can remove 51.45% and 51.99%
arsenite and 53.29% and 50.37% arsenate, respectively from the
media after 72 h of incubation. Arsenic resistant microbes can
reduce the arsenic concentration from the media by developing a
number of detoxifying mechanisms including metal reduction,
metal efﬂux, bacterial cell membrane binding, adsorption of heavy
metals on to cell surface and complexation of the metal with
exopolysacharides [34]. Complexation of heavy metal with
carboxyl and phosphate group in the inner portion of metal
resistant bacteria has also been reported as a mechanism of
bioremediation [43,44]. In addition, arsenic resistant bacteria
sometimes use both arsenite and arsenate as their natural primary
substrate by some speciﬁc genes [41].From SEM study it was observed that both SW2 and
SW4 formed chain like arrangement when treated with arsenic
and the isolate SW2 also reduced in size in comparison to that of
control cells. These structural changes might be the response of the
bacterial cells to heavy metal and as a result of accumulation of the
heavy metals into the cell. Similar strategy of defense against
arsenic was also reported by Banerjee et al. [7].
Both the bacteria were able to oxidize arsenite to less toxic form
arsenate but none of them has the ability to reduce arsenate to
arsenite. The arsenic resistant bacteria have some speciﬁc
enzymes, arsenic reductase and arsenic oxidase by which they
can oxidize or reduce arsenic. Some bacteria have been reported
for containing both these enzymes and can oxidize as well as
reduce arsenic [7]. But these two bacteria contain only arsenite
oxidase, so that they are only able to oxidize it. Brevibacillus brevis,
an arsenic resistant bacterium, isolated from arsenic contaminated
regions of Chakdah, West Bengal [42] was also able to oxidize
arsenite to arsenate.
5. Conclusions
Thus from this entire study, it can be concluded that the two
bacterial isolates SW2 and SW4, which were identiﬁed as Bacillus
sp. KM02 and Aneurinibacillus aneurinilyticus strain BS-1, can
tolerate arsenate concentration up to 4500 ppm and 550 ppm of
arsenite concentration. The isolates were halo tolerant and can
withstand up to 10 and 8% of sodium chloride. The isolate SW2 and
SW4 can remove 51.45% and 51.99% of arsenite and 53.29% and
50.37% of arsenate respectively from arsenic amended media at
72 h. Both of the isolates have the unique ability to oxidize arsenite
to less toxic arsenate but none of them were able to reduce
arsenate. These two arsenic resistant bacteria can be used as a
novel pathway for the bioremediation of arsenic.
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